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ABSTRACT 
A procedure is presented for the design of stud shear con-
n·ectors which are subjected to fatigue loading. In this procedure 
the connectors are designed for the range of stress to which they 
are subjected. 
The results of an investigation of the fatigue properties of 
1/2 inch diameter stud shear connectors is presented. As a result of 
this investigation a method was developed for determining when a stud 
connector failed in a composite beam. An S-N curve for 1/2 inch 
diameter stud shear connectors was determined. 
·-!'. 
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1. INTRODUCTION 
One of the most important applications of steel and concrete 
composite beams is in bridge construction. In bridges, composite 
,.. 
·beams are subjected to fatigue loading. This factor is provided for 
in current design.specifications by adequate factors of safety. Un-
fortunately, these specifications are not based upon a comprehensive 
analysis of the fatigue problem. It is well-known that the endurance 
r limits of concrete and steel are approximately equal to 0.6 fc for 
1 2 concrete and to the yield strength for steel. ' With respect to 
. 
shear connectors, adequate informa~ion is not available. Shear 
connector design is presently based upon formulas derived by con-
sidering static strength and degree of complete interaction rather than 
fatigue of connectors. Tests have shown these formulas for shear con-
nector design to be satisfactory, a1though the design procedure is not 
necessarily a realistic one. 
Because of the natural desire to improve any product and be-
cause of the impetus supplied by other products and procedures be-
coming competitive with composite construction, interest has been 
generated in increasing the economy of this type of construction either 
through savings in material or by simpler design procedures. The shear 
connection seemed to be the critical point where both a saving in 
material and improved design procedures might result. It also seemed 
-2 
··-
J ., ~ 
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:::, ' 
... 
like the point where additional research was needed most. At present, 
most shear connector design, for fatigue si ttiations, follows the re-
quirements set forth in the AASHO "Standard Specifications for Highway 
Bridges"~ (hereafter referred to as the AASHO Specifications). 
( 
1.1 HISTORICAL BACKGROUND 
'\ 
At the time of the initiation of this investigation, little 
had been done to determine the endurance limit for various types of 
shear connection. However, some work had been done. In the case of 
-channel connectors, investigators had reported that no endurance limit 
2 
existed. In the investigation of channel connectors, slip was 
selected as the bes_t criterion for design of these connectors. This , \ 
criterion was also used for other types of shear connectors. 
Little research, however, had been done on the most common 
type of s,hear connection in use today, namely, welded studs. Tes ts 
had been conducted in which bare studs were stressed under ·conditions 
of completely reversed repeated loading by a constant deflection type 
f h . 4 o mac 1ne. 
headed stud. 
Load was applied at the head of a 3/4 in. by 4 in. 
Sufficient results were obtained to firmly establish the' 
S-N curve for this type of loading and connector. This, however, did 
not necessarily simulate what actually occurred in a composite beam. 
Later tests with pushout specimen indicated that connectors encased 
in concrete might fail in fatigue at stresses less than half those 
5 found in tests of bare studs. Similar results were obtained in the 
·~·' ... . 'lJJ 
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preliminary beam tests run prior to the beginning of the present test 
~ 
series (see·Appendix B). 
In addition to the above tests on bare studs, two composite 
6,7 members with stud shear connectors were tested at Lehigh Univetsity. 
The first member consisted of an 11 ft.-0 in. wide bridge slab with 
two 18 W 50 steel sections. The second member was a 2 ft.-0 in. wide 
slab attached to a 8 W 17 steel section, In neither case did fatigue 
loading result in a stud failure. For that reason the application of 
the results of these tests is very limited. Some pushout specimens 
with stud connectors have also been tested under fatigue loading at 
Lehigh University. 5 Stud failure in fatigue actually occurred in the 
testing of these pushout specimens. 
The S-N curve obtained from the pushouts was considered to be 
a lower bound, while that due to pure bending of the bare studs was 
. . . 
considered to be an upper bound. The actual case in beams was thought 
·1 
to be a combination of bending and shear, and lie between the two 
curves, Preliminary beam tests by Lehigh in 1961-62 showed this hy-
pothesis to be true (see Appendix B). These beam tests consisted of 
a 2 ft.-0 in. slab attached to an 8 W 17 steel beam by<l/2 in. diameter 
stud connectors and tested on a 10 ft.-0 in. span. These particular 
tests are important because for the first time it was possible to draw 
an S-N curve for the fatigue of studs in a beam. However, these tests 
made available only four points on the S-N curve and little was known 
about the mode of failure. In fact, even then a method had not been 
I 
-4 
'< 
perfected for determining when a connector actually failed. 
1. 2 SCOPE OF THE INVESTIGATION 
' It was at this point that the present investigation took up 
the problem. Because of present day requirements and usage, it was 
decided to restrict this investigation to stud shear connectors as 
connnonly used in bridge construction. This investigation was further 
limited to 1/2 inch diameter stud connectors and simple spans. This 
was done because more information was available on this size of con-
nector than on any other and because it was felt that the results 
could be applied to larger connectors of the same type, to other types 
of connectors, and to continuous spans without too much difficulty. 
Prior to the beginning of this investigation, note was made 
of the fact that preliminary beam tests of 1/2 inch diameter stud 
co9,nectors gave a useful or stud fatigue capacity of the connector of 
4.0 kips per connector at 2,000,000 cycles when the studs were 
stressed in fatigue in one direction (see Appendix B). However, the 
AASHO Specifications specified the useful or stud fatigue capacity of 
* the connector as 4.4 kips per connector for 1/2 inch diameter stud 
,. 
shear connectors in concrete having a 28 day strength of 3000 psi. How 
does this discrepancy of values occur? · 
-------------------------------
*Que = 80 Hd .ff~ ~<4.2. For 1/2 inch diameter 
stud connectors and 3000 psi concrete. H/d = 2/1/2 = 
4; Que= 80(2)(1/2) .[3000 = 4.4 kips per connector. 
-s 
... 
( 
In an article presenting the development of the new AASHO 
Specifications for composite steel and concrete bridges,8 the following 
two important points are made: 
{l) 11-r. the load on which the design should be based, 
(the useful load capacity of the connector, Que) 
is always lower than the maximum load obtained 
from the pushout tests.of connectors to destruc-
t . ,,** ion. 
(2) " •• tests have shown that if the load on individ-
ual connectors •••••• does not exceed 'kc at 
ultimate, the connection is sufficiently stiff 
to guarantee practically complete interaction both 
before and after yielding of the steel beam.'~** 
These two statements indicate that, provided the load on a 1/2 inch 
diameter stud connector is less than 4.4 kips per connector then the 
connection is sufficiently stiff to guarantee practically complete 
interaction both before and after yielding of the steel beam. This 
also indicates that below this load, strength requirements are always 
satisfied. 
The preliminary beam tests described in Appendix B indicated 
that thei:above statements were true, but also indicated that fatigue 
strength rather than interaction or static strength is the critical 
factor for selecting allowable connector loads. There seem to be 
several reasons why fatigue was not judged to be the critical factor 
in the preparation of the AASHO Specifications. First, at the time of 
the writing of the specifications no beam fatigue tests using stud 
connectors had been conducted.: For that reason it was necessary to use • 
~----------~--~---------------
**P. 8, Reference 8 
***P. 9, Reference 8 
.... 
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~atigue results obtained from pushout tests and the bending of bare 
• studs which did not simulate the true situation in beams. Also beam 
fatigue tests of other than stud connectors had indicated that fatigue 
was never a problem, provided a certain degree of interaction existed 
(as measured by slip). This value of slip was applied to stud con-
nectors and at 4.4 kips per connector for 1/2 inch diameter studs was 
not considered to be critical. However, the preliminary beam tests 
indicated this critical value of slip did not apply equally to all types 
of connectors. That is, a fixed value of slip does not indicate any-
thing about the relative values of maximum stress in various types of 
connectors. There is no relation between a fixed value of slip and 
the fatigue strengths of various types of connectors. Hence, it is 
necessary to look at the actual stud loads in beams which did indeed 
indicate that fatigue was the critical criterion. That is, fatigue 
considerations limit the useful load or stud fatigue capacity of the 
connector to 4.0 kips per connector while interaction and strength 
w-limit the ioad to 4.4 kips per connector. 
Basically the study reported in this thesis was broken down 
into two parts. In the first part fatigue values for 1/2 inch diameter 
connectors, AASHO loadings, and simple spans were utilized to examine 
the effect of fatigue considerations on different possible design 
approaches to stud connector design, particularly that approach used 
by AA.SRO. An alternate design procedure was then suggested and the 
safety factors involved were examined. 
.... 
-,· 
--·: 
' 
... 
.. ~. 
•••·o•w, .. , .. •:: •. ,,.,.::,.~,,,,..,';;'.",,,,,.,;;,_ • .~ ··~~ •••a,.,.......... ••·•~···•-:: .. ~·,_.,._ .. •,-,~.,,--:.:" -•,-•••OW S .• , o,·, ... , •• ,.,•oo•:-,•• .. :~••OH 
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The second part of this study concentrated on the studs them-
selves. Eight beam tests were run from which additional information 
, was obtained on the mode of failure and fatigue life of 1/2 inch 
diameter stud connectors. These results are presented in Art. 3 of 
this thesis. 
, r , • q; 
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2. T H E E F F E C T O F F A T ·1 G U E C O N S I D E R A T I O N S 
ON THE DESIGN OF STUD SHEAR CONNECTORS 
2.1 REDISTRIBUTION OF LOAD 
Before discussion of the fatigue of connectors under moving wheel 
loads it is necessary to explain the concept of "redistribution of load" 
between connectors. ThiS(:can best be done using as an example a beam 
which is subjected to static loading. 
Tests of beams with stud shear connectors have shown that shear 
connectors can be uniformly spaced from the point of maximum moment to 
the end of a composite member if enough connectors are supplied to 
develop the ultimate moment of a uniform load or one or more concentrated 
loads. 9 At ultimate moment the loads are redistributed and each con-
nector carries an approximately equal load. The important thing to 
note is that this redistribution of loads cannot be predicted by first 
• 
order elastic theory, but is the result of a combination of stud de-
formation and localized. creep of the concrete around the studs. An 
example will help clarify this concept. 
Example 1, Appendix A, given at jhe end of this report, con-
siders a uniformly loaded composite beam. The shear and moment diagrams 
0 
are shown and the necessary section properties and stud properties are ( 
given. The design values used in this example are arbitrarily assumed. 
-9 
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First order elastic theory indicates that, for a static condition of 
loading, each connector, starting with the one at the extremity of the 
member, theoretically carries the force between it and the next con-
nee tor. The force is equal to D. Mm/I*, where ~ M is the change in 
moment between the two given connectors, mis the statical moment of 
the transformed compressive concrete area about the neutral axis of 
the composite section, and I is the moment of inertia of the compdsite 
section. In spacing ''a" each connector carries the same load (that is, 
~ Mm/I). However, with uni form spacing "b '' the end connector carries 
a theoretical elastic load as high as 4.8 kips while the connector 
nearest the centerline carries only 0.5 kips. At the ultimate moment, 
however, tests have shown that the loads are redistributed and each 
9 connector carries approximately the same load. 
The important thing to note here is that although this redis-
tribution occurs under static loading at ultimate, there is no reason 
to believe that such a redistribution is possible under fatigue loading 
at working load.~ Therefore, the author reconunends that it should not 
be counted upon in any design procedure which considers fatigue. 
2. 2 ABSOLUTE SHEAR AND MlMENT ENVELOPES 
When a group of wheel loads~moves across a point in the span 
(example: Standard AASHO Truck Loading), there is some position of the 
loads at which a maximum shear and moment at the given point results. 
-~--------------------~-~-------*It is froJ a simplification of this formula that the well-known Vm/1 formula is derived, V being the shear at any point. 
-10 
,, 
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This resulting shear and moment are called· the absolute maximum shear 
and the absolute maximum moment for that point. ·'In the course of this 
... ~ study, equations were derived giving these values for any point in a 
simple span for any standard AASHO loading. The equations for the 
. ., 
maximum shear envelope are given in Tables A-1 and A-2 at the end of 
Appendix A. It is these maximum values for which the composite beam 
must be designed. Sufficient connectors must be supplied to fulfill 
the strength and fatigue requirements. Complicating the problem is 
the fact that connectors in the center of the span undergo complete 
reversal while those on the ends are stressed in fatigue in one 
direction only. 
2. 3 METHODS OF CONNEC'IOR DESIGN 
Three possible methods of design of stud shear connectors 
shall now be discussed. The first method to be presented is that cur-
rently suggested by AASHO. In this case the connectors are designed 
for the maximum value of the shear at any point. The second method to 
be presented is the one in which the maximum moment envelope is used 
to determine the number and spacing of the shear connectors. The third 
method to be presented is the one the author believes the most desir-
able when fatigue is critical as in the case of bridges. In this case r 
the connectors are designed for the range of stress. 
There are two approaches to the problem of stress reversal in 
studs. One is to use an allowable stress value on the stud which is 
• ' below the fatigue limit in complete reversal regardless of the position 
... 
-11 
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' 
of the stud in the span. The other is totM99e a higher allowable stress 
value and in some manner account for the position of the stud in the 
span. Followi~g the discussion of the different design methods the 
factors of safety 'involved shall be discussed in detail. 
2.3.1 Connectors Designed For The Maximum Value Of 
Shear At Any Point (AASHO Design) Procedure 
The first mentioned method of design is that used -by AASHO. 
This method is illustrated in Example 2 of Appendix A. In this example 
only the studs are examined and impact is not considered. The pro-
cedure would be exactly similar if impact was considered. The 
shear and moment envelopes for the uniform and truck loading are shown. 
The useful connector capacity for 1/2 inch diameter stud connectors is 
computed and is equal to 4.4 kips per connector. This value nrust be 
divided by the factor of safety giving, in this case, a working con-
nector load of 1.33 kips per connector. One point can be made here 
considering reversal of load on stud connectors. If the 4.0 kips per 
connector load, obtained from the earlier beam tests (see Appendix B), 
is plotted on a Goodman-Johnson Diagram, a value of 2.4 kips per con-
nector will be obtained as the stud fatigue capacity for a connector 
in double reversal. Since the AASHO value of 1.33 kips per connector 
is lower than this value it indicates that regardless of the position 
of a stud in the beam, the stress on the stud will be less than the 
critical value for double reversal. 
I 
' 
... 
... -· .. 
... 
,..:· 
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In other words, AASHO uses an allowable working stress.value 
on the studs which is below the fatigue limit in complete reversal. 
This value is used in Example 2, Appendix A. In the remaining portion 
of this example the spacing and number of connectors required are de-
termined from the common Vm/I expression. For the given member, a 
total of 246 studs are required. 
2.3.2 Shear Connectors pesigned From The Maximum Moment Envelope 
The second method of design which was mentioned was one in 
which the maximum moment envelope is used to determine the number and 
spacing of the shear connectors. It has already been pointed out that, 
in a composite beam, each connector is required to resist a load equal 
to~ Mm/I. With the useful connector capacity and the F. S. (factor 
of safety) known, the~ M can be determined by solving for~ Min the 
equation 
Que 
F.S. 
-
-
If the maximum moment is.known it is only necessary to divide the maxi-
mum moment by~ M to determine the number of connectors ·required be-
tween the potnt of maximum moment and the end of the composite member. 
The spacing of the connectors can be determined graphically by marking 
off increments of~ Mon the maximum moment envelope and then projecting 
downward to the correct position of the studs on the composite beam. 
This procedure is illustrated in Example 3 of Appendix A. The specimen 
considered is the same as for Example 2 and the AASHO useful connector 
loads and factor of safety are used. This method required 130 co_!!.!lectors 
'-, 
~-
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• 
total and hence is almost a 50% savi~g over the AASHO procedure. 
However, this method is not considered satisfactory for sev-
eral reasons. One reason, of course, is that the resulting variable 
spacing of the studs is uneconomical as far as fabrication is concerned 
and would seldom be competitive. The second, and most important 
reason, is that this method would require redistribution of load for 
cer_tain loadings~ If the actual moment at some instant was, as is 
shown by the dotted line in Example 3, redistribution of load would be 
necessary. For connectors near the center of the composite member, 
the change in moment at that instant between two connectors is greater 
than that for which it was designed using the 
For that reason, elastic theory requires that these connectors carry 
a larger change in moment than that for which they were designed or 
some redistribution of load would be necessary. The opposite is true 
,. 
·' 
near the ends of the member. It was already pointed out that any 
procedure requiring redistribution of connector loads at working load 
is not reconunended by the author and for that reason this procedure 
rf 
should not be used. · 
/ 
2.3.3 Shear Connectors Designed From The Maximum Shear Envelope 
The third method of design to be discussed is the one which 
the author feels to be the most satisfactory in the case of fatigue 
loading ·of composite beams. In this procedure a higher working stress 
is allowed on the studs but at the same time the degree of reversal 
of the stress on the stud is considered. It is felt that the approach 
to be presented is not only .. more economical, but it is also more 
rational. 
-14 
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In this procedure the stud fatigue capacity is t~ken as 
4.0 kips per connector at 2,000,000 cycles when stressed in one 
* ~ direction only. To this value is applied a fac'tor of safety of 1.25. 
Using these values the studs are then designed for the range of stress 
envelope. This procedure has several outstanding 
advantages. For one thing, this procedure would eliminate the problem 
of the degree of reversal on a stud. The Goodman-Johnson Diagram or 
the AWS Diagram indicate that if the range of stres.s is constant, 
double reversal is no more critical than stress acting in one direction 
only. For the length of members used in composite construction for 
bridges, the range of stress for the maximum shear envelope is 
practically constant throughout. This procedure al~o has certain 
economical advantages, in that fabrication costs are less since the 
studs can be spaced uniformly. There is also a saving in the total 
number of studs required over the AASHO Design. Also at this stud 
fatigue capacity, strength and interaction are not a problem. This 
was seen in the present test series and also agrees with the AA.SRO 
statement that, below 4.4 kips per connector, interaction and strength 
are not critical. The design, too, is simpler and the maximum shear 
_________________________ .. ____ _ 
*The present test series resulted in a zone or band 
of fatigue resultso The value of 4.0 kips per 
connector corresponds to the average of this band 
a·t 2 .,000 ,000 cycles when stressed in one direction. This same value of 4.0 kips per connector also 
corresponds to the, bottom of the band at 600,000 
cycles when stressed in one direction. 
**For a more complete discussion of this factor 
of safety, see Section 2.4. 
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value which is equal to the range of stress can be gotten from Tables 
in the Appendix of the AASHO Specifications since the maximum shear 
always occurs at the ends. However, if it is desired to design for 
the exact range of stress, equations are given in Tables A-1 and A-2 
at the end of Appendix A which give the maximum shear at any point in 
a span due to any AASHO loading. Using this method, no redistribution 
of load is required. 
Example 4, Appendix A, illustrates this design procedure. 
The given problem is the same as that for Example 2 in which the AASHO 
design was illustrated. In this case the maximum shear envelope is 
nearly constant throughout at 42.0 kips. The working connector load 
is the stud fatigue capacity divided by the factor of safety. In this 
case the resulting working connector load is 3.2 ~ips per connector. 
Using this value, Vm/I is u~to determine the spacing and number 
of connectors required w . the design is based on the range of stress. ,t' 
A total of 142 connectors would be required and would be spaced evenly 
throughout. This is a saving of 42% in the number of studs required 1 . 
over the AASHO design. 
At first it might appear that the above saving in material is 
merely a result of reducing the factor of safety involved. However, 
in the discussion to follow it shall be shown that there has actually 
been very little if any reduction in the AASHO factor of safety • 
.. . 
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2.4 FAC'IDRS OF SAFE'IY 
It was previously pointed out that strength is not a problem 
provided the load on a connector is less than the AASHO useful or stud 
fatigue capacity. In fact, if strength alone were considered, this 
critical capacity value could be more than several times larger. How-
, 
ever, the same is not true when interaction is considered. In the 
8 connnentary on the AASHO Specifications it is stated that: 
"· .if the load on individual connectors ••.. 
does not exceed Que at ultimate, the con-
nection is sufficiently stiff to guarantee 
practically complete interaction both be-
fore and after yielding of the steel beam. 
On the other hand, if the connectors are 
designed to reach Que at a lower load level, 
the degree of interaction may not be en-
tirely satisfactory, even before yielding 
of the steel beams. It is desirable, there-
fore, to select a factor of safety for the 
design of shear connectors capable of 
guaranteeing composite action up to full 
flexural capacity".* 
In the AASHO Specifications then, the factor of safety is applied against 
loss of composite action. Fatigue was not considered directly. It 
was pointed ou~ earlier that fatigue was considered in the development 
of these specifications, in that it was found that at a certain loss 
of interaction fatigue became a problem for some types of connectors 
other than stud connectors. However, in the case of stud shear con-
nectors, this degree of loss of interaction does not apply and it is 
to 
' necessary to look at the stresses on the studs involved. 
------------------------------*P· 10, Reference 8 
.. ,. 
" 
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For 1/2 inch diameter stud shear connectors, AASHO's useful 
capacity is 4.4 kips per connector. The factor of safety that is ap-
. plied to this value can vary from 2.7 to 4.0 kips depending on such 
factors as the ratios of composite and noncomposite dead load moments 
to live load moments, the ratio of composite vertical shear to live 
load vertical shear, and the ratio of the composite section~modulus 
to the noncomposite section modulus. It should be pointed out, however, 
that the value of 2.7 is for structures in which all dead load is 
carried by the composite section (shored construction) which is rarely 
the case. A review of many actual designs indicates that the practical 
minimum for the factor of safety of around 3.5 when the .AASHO formula 
for the factor of safety is used. In the design examples of Appendix 
A, a conservative value of 3.3 was arbitrarily used. It must be 
pointed out that if shored construction does exist only a small portion 
of the load on a connector is the result of moving loads, while the 
largest portion is due to dead loads. Hence, the range of stress is 
extremely small. On the other hand, with unshored construction, almost 
all of' the load on a connector is due to moving loads. The latter 
situation is the more critfca1 from the point of view of fatigue. 
It would appear on first observation that the AASHO factors 
of safety are quite conservative. However, in the case of fatigue 
loading· these factors are not nearly as conservative as they may appear. 
It was pointed out earlier that the studs in the center of a composite 
beam subjected to fatigue undergo complete reversal of stress while 
-18 
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those near the ends are stressed in one direction only. A point was 
also made of the fact that consideration of the Goodman-Johnson or AWS 
~ Diagram indicates that in a situation of complete reversal of stress 
as compared to stress in one direction only, having similar fatigue 
lives (number of cycles to failure), those studs subject to complete 
reversal can resist only about one-half the fatigue load of those 
stressed in one direction only. The effect of this upon the AASHO 
design procedure is to, in effect, reduce the actual factor of safety 
near the center of a member to only one-half of the intended value. 
That would mean that for an AASHO designed member the factor of safety 
could vary from 2.7/2 = 1.35 to 4.0/2 = 2.0 with a practical minimum 
of 3.5/2 = 1.75. For the AA.SHO useful connector capacity and practical 
minimum factor of safety the working stress on a stud at the center of 
a composite member subjected to fatigue would be 4.4/1.75 = 2.5 kips 
per connector. 
Another factor which indicates that the AASHO factor of safety 
may not be as conservative as it appears is creep. The creep that is 
being ref.erred to· here is that which occurs in the iJlDilediate vicinity 
of a connector. The concrete in this region is highly stressed and 
as a result creeps appreciably more than the other concrete in the slab. \ 
The present series indicated that this creep may be a problem and future 
tests are required to determine to what extent this is true. However, 
the low factor of safety used by AASHO for shored construction is mean-
ingless if creep occurs. 
,1.-. 
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The fact that the AASHO procedure results in a higher factor 
of safety near the ends of the composite member is not without ad-
vantage. The tests conducted during this series indicated that the 
connectors in the vicinity of the end always failed first and that the 
failure was progressive towards the center. By having a higher factor 
of safety near the ends of the member the AASHO procedure tends to 
minimize this "end failure" effect. 
In the preceding pages a method of design was presented by 
the author in which the design is based on the range of stress. The 
. 
stud fatigue capacity used was that which resulted when fatigue was 
considered the limiting factor •• The factor of safe·ty used with this 
stud fatigue capacity was 1.25. This resulted in a working stud 
stress of 4.0/1.25 = 3.2 kips per connector as compared to the AASHO 
\ value of 2.5 kips per connector. This factor of safety of 1.25 is 
felt to be sufficient for several reasons: 
1. 1.25 is a common factor of safety when 
fatigue is the limiting consideration. 
2. This factor of safety is applied to a 
stud fatigue capacity load wh~ch cor-
responds to the point at which the first 
pair of studs in a composite member sub-
4 
jected to fatigue begin to crack. The 
composite member as a whole is effect;ve 
.I 
long after this point. 
' 
I 
.3·. It may be noted that this factor of safety 
is less than that applied to a steel beam 
resulting in an allowable working stress of 
20,000 psi. However, this value used in 
steel beams is more of a deflection and 
vibration limitation than a fatigue factor. 
Also, the failure of a stud or many studs 
at most cause~ increased deflection and 
steel beam stresses, while failure of the 
' steel beam or slab may be sudden and 
critical. 
The remaining portion of this thesis is devoted to a study 
of the fatigue failure mechanism and fatigue life of 1/2 inch diameter 
stud shear connectors. 
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3. B E A M T E S T S O F 1/2 I N C H . D I A ME T E R 
STUD SHEAR CONNECTORS 
, .. 
In Section 2.3.3 a design procedure was suggested which re-
quires that the fatigue life of the stud connectors be known. In 
order to obtain data on the fatigue life of stud connectors as well 
as any information concerning the failure of stud connectors, a series 
of beam tests were run. In the following sections this. investigation 
will be described. 
3 .1 SCOPE OF THE INVESTIGATION 
The stress (S) versus number of cycles to failure (N) curve 
obtained from the pushout tests in Ref. 5 was used as a lower bound 
'Ille> 
of connector strength in planning the tests of this investigation • 
The S-N Curve found from the tests of bare studs in Ref. 4 was assumed 
L 
to be an upper bound of connector strengths. The purpose of tests 
reported herein was to apply a repeated load in flexure to a series of 
composite beams for a sufficient number of cycles to cause fatigue 
failure of welded stud shear connectors. The fatigue strength of the 
shear connectors in the beams could then be compared with the upper 
and lower bounds. 
. .J 
/ 
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The investigation was limited to 1/2 inch diameter welded 
stud shear connectors in order to limit the specimen size to the 
capacity of the loading equipment. An advantage of using 1/2 inch 
diameter connectors is that more information was available for this 
size of connector. It has been assumed that information obtained 
from the tests can be extrapolated to larger sizes of stud shear 
connectors. The extrapolation to larger sizes of studs will have to 
be verified by later tests. 
\, A means of detecting the formation of a fatigue crack in a 
connector was developed during these tests. I_t was possible using this 
method to determine the condition of each shear connector in a member 
., 
at any time during the test. This provided the first method of deter-
mining the occurrence of connector failure used to date. This made 
it possible to develop an S-N curve either on the basis of first stud 
~ 
cracking or on the basis of complete stud failure of the first con-
• 
nector. Previously, the S-N curve had been plotted with respect to 
a value of Nat which it was obvious from slip, deflection, and visual 
\ 
inspection that connector failure had occurred. This point was usually 
' a time at which it was later found that about 20% of the connectors in 
one end of a member had already failed. 
·~· 
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3.2 DESCRIPTION OF TESTS 
3.2.1 Description of Specimens 
The test program included eight identical steel and concrete 
composite beams. Each beam consisted of a concrete slab 4 ft. wide 
and 4 in. thick connected to a 12 W 27 steel beam by means of 1/2 inch 
diameter welded stud shear connectors. The rolled section was of 
ASTM A7 steel. The c.oncrete slabs were cast at Fritz Engineering 
Laboratory using ready-mix concrete proportioned to have a 28-day 
compressive strength of 3000 psi. Four test cylinders were poured 
with each test beam. 
The shear connectors were 1/2 inch diameter headed studs 
which varied in length after welding from 2 in. to 2-1/2 in. The studs 
were welded by a stud welding process at a local fabricating shop. 
Connectors were arranged in pairs on the eight test beams. Details 
of the specimens are shown in Fig. 1. The concrete slab reinforcement 
consisted of No. 4 bars at 9 inches center to center in both the 
longitudinal and transverse directions. Slab reinforcement was placed I 
. 
~\ approximately half depth. The arrangement of shear connectors, 
• 
which was identical in all eight test members, is shown in Fig. 2. 
Section properties and design strengths of the composite beams are 
given in Fig. 3. 
· Two factors wel\e considered in the selection of the size of 
the test specimens. First, the span of the members was limited to 
15 feet so that available loading equipment could be used. Second, it 
• 
\ was desir~ble to choose a 
) 
size of member such that the loaditm cor-
rection, to account for the inertia force, would not become appreciable 
during the test even though the effective moment of inertia of the 
member might decrease during the test. The size of the member arrived 
at, from the above considerations, made it necessary to use connectors 
as small as 1/2 inch in order to have a sufficient number of connectors 
so that the change in properties of the beam with cycles of load would 
be graduai and could, therefore, be studied carefully. 
'> ...,.. 
~ -").,_/'''. 
It should be noted that no studs were plac~d between the ,-~. 
loading points. Loading points were placed close enough together so 
that the two Amsler jacks being used to apply the test load would be 
sufficiently close together to prevent separation of slab and beam. 
Hence, no connectors were needed between the load points. This was 
done so that it was possible at all times to determine exactly which 
connectors were effective in transferring shear stresses. In pretious 
tests, sunnnarized in Appendix B, it had been observed that connectors 
located between loading points were being developed by means of t~e 
' slab reinforcing steel. The effectiveness of these connectors in 
transferring shear was difficult to evaluate. Actually their effective-
ness probably varied depending upon the lll€lgnitude of slip and the 
c~dition of the connectors near the ends of the member. • 
The number of connectors supplied in these test members was 
sufficient to develop the static ultimate moment capacity of the member. 
It had been found in a previo~s investigation of the static strength of 
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composite beams that this minimum amount of shear connection was re-
quired to assure satisfactory behavior in the elastic range. 9 The 
magnitude of the bottom flange steel stresses was limited to less than 
the yield stress so that fatigue failure of the steel section would not 
occur. 
3.2.2 Instrumentation 
The instrumentation consisted of a dial gage at midspan to 
measure deflection, dial gages at both ends to measure slip, dial gages 
located 3 ft.-8in. from each end to measure slip at this point, and J 
nutnerous SR-4 electrical resistance strain gages. The dials located 
at the ends and at midspan were 0.001 inch gages. The other two dials 
• 
were 0.0001 inch gages. The location of SR-4 gages varied from test 
to test depending upon the data required. 
The midspan deflection gage was used to adjust the dynamic 
load at the beginning of each test. Although the amplification factor 
for dynamic loading of these specimens was very close to 1.00, there 
was a slight change in amplification factor in the first few cycles 
due'to failure of natural bond. The midspan deflection was held con~-. 
~stan~ until this bond failure was complete. Generally 5000 cycles 
were required to cause complete bond failure. After bond failure, 
,. -
the load was ·beld constant and the midspan deflection was allowed to 
change. Then this deflection became a measure of loss of interaction 
in the member. The change in deflection was difficult to detect 
with a 0.001 inch dial gage until after a substantial number of 
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connectors had failed. A more sensitive gage could not be used because 
. of the necessity of protecting the instrument during dynamic loading. 
The slip gages were used to measure the movement of the slab 
rela.tive to the steel beam and to serve as a general indication of 
connector failure. The slip gages also indicated when connector failure began to seriously affect interaction. The interior gages were re-
moved during dynamic testing. The stems of end dials were preve.nted from contact with the specimen during dynamic tests, but these dials 
were not removed from the member. 
SR-4 strain gages were placed on the cross section at mi.dspan 
•. 
·for all members. SR-4 gages were also placed on the cross section at 
other points in some members, the use of which will be explained later . The gages at midspan were used primarily to check on the magnitude of bending stresses at this point. SR-4 gages were also placed opposite 
certain connectors on the bottom of the top flange of the steel beam. 
These were located slightly off the center of a conneei.tor in the longi-
tudinal direction of the member. The local stresses caused by load 
applied to the connector were measured by these gages. For members BF-1 through BF-4, type A-1 SR-4 gages were used. Starting with 
member BF-5, type A-7 gages were tried for measuring the local stresses 
near connectors. These were found to be slightly more sensitive than 
type A-1 gages because of the shorter gage length. It was found that 
the local stresses being measured were confined to an area having a 
• V diameter only about two times the diameter of the connectors. Higher 
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strains were recorded using A-7 gages compared to strains measured at 
the same point with A-1 gages. Therefore, the A-7 readings were more 
; 
sensitive in detecting the occurrence of fatigue cracks in connectors. 
Some of the test members were not fully instrumented. Once 
the behavior of the strain gages opposite connectors was determined, 
it was not necessary to use as many gages to detect initial failure 
• 
of connectors. After tests of a few members were completed it was 
found that the slip and deflection data was not as significant as the 
strain gage data. The interior slip gages were omitted in some't,ests. 
The ~jor difficulty with these gages is the fact that the sensitivity 
of a 0.0001 inch dial is required to detect the minute slips caused 
by cracking of connectors. However, these gages are too delicate to 
be used in dynamic testing. 
The instrumentation used on each of the eight test beams is· · 
listed in Table 1. 
are shown in Fig. 4. 
in Fig. 5. 
The locations of slip and deflection dial gages 
The general arrangement of SR-4 gages is shown 
3.2.3 Test Procedure 
In testing, each •eam was simply supported on a span of 15 ft. 
and loaded by hydraulic jacks located 9 inches on each side of the 
centerline. The arrangement for testing of members is shown in Fig. 6. 
Testing was started at least 28 days after the concrete slabs 
were poured. In some cases the concrete was older than 28 days when 
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testing began. Concrete slabs were moist-cured for 7 days and then 
air-cured until time of testing. The concrete strength and age of the 
eight specimens are listed in Table 2 • 
•.. 
Initially each specimen was loaded statically to the maximum 
load which was to be applied dynamically. None of the members were 
overloaded statically before dynamic testing. -If the bond between the 
steel beam and the concrete slab was broken throughout the length of 
the member due to the initial static test, the deflection measurements 
were used to determine the correct load. If the bond was not broken 
by the initial static test, cycling was begun usi~g a theoretically 
determined load -until :bond was completely broken. 
A second static test was made as soon as bond failure was 
complete. Using this second static test, the dynamic load was set by 
adjusting the dynamic deflections to a value which produced the de~ 
sired deflection at midspan. Generally less. than 5000 cycles of 
loading were run between the first and second static tests. 
Throughout an entire test, static tests were run at regular 
intervals. During each static test, the member was loaded in incre-
ments of 2 kips per load point to the maximum test load. All dial 
• 
gages and SR-4 gages were read at each load increment whenever it was 
judged from the behavior of the specimen that the data would be sig-
nificant. ·In some of the tests, complete readings were taken only at 
zero load and maximum load. 
..•: 
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All specimens were loaded at the rate of 250 cycles of load 
per minute. ·The minimum load was the smallest load which could be 
applied without separation of beam and loading jack at any time during 
the load cycle. The maximum load was established for each member by 
referring to the S-N curve obtained from the preliminary beam tests 
(see~ppendix B). From this curve a load was chosen which was apt to 
give a new point on the S-N curve where data was missing. Table 3 
lists the testing procedure for each specimen. 
Four concrete test cylinders were poured with each beam. Two 
of these cylinders were tested when dynamic testing began. The other 
two were tested at the end of the test. The concrete strength given 
ih ~ble 2 is the average of the four cylinder strengths. 
After the completion of each test, the concrete slab was 
removed from the steel beam and a visual inspection of the connector 
failures was made. Photographs were made of connector failures and 
cracked connectors. This final visual inspection was us~d as a check 
on the information gained from ~R-4 strain gage readings. In several 
instances, this final inspection verified SR-4 data which was in doubt 
at the completion of the test. These inspections were important in 
establishing confidence in the technique used to detect connector 
failures. 
'--. 
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3. 3 1TEST RESULTS 
I 
3.3.1 General Results of Composite Beam Tests 
This series of tests provided three types of information. 
The first type of information is related to the general performance of 
composite beams under fatigue loading. The second type of information 
pertains to the instrumentation used and the information gained con-'" 
r 
cerning the initial occurrence of fatigue cracks in shear connectors. 
The third type of information is concerned with the S-N curve for 
welded stud shear connectors. 
3.3.1.1 Failure of End Connectors 
The criterio~ for determining when to stop a test 
was not the same for all members. However, for the first 
few tests , the tests were stopped when it was shown by the 
SR-4 data that one connector had completely failed. 
A stud in the vicfrl"ty_ _ _0~ the end of the member 
failed first in all tests·. Sometfmes the failures was 
\ 
in the second pair of connectors from the end of the beam 
',, 
rather than in the end pair. 
There seem to be several factors which are 
inherent in the testing procedure which may be partially 
responsible for the fact that connectors near the end 
have a tendency to fail first. In several members, tor-
sional movement of the specimen occurred due to slight 
eccentric.ities in the construction and loading. It was 
,,.,., 
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possible~to correct this difficulty to a large extent, 
but complete correction was not always possible. This 
~ 
torsional vibration was most noticeable at the ends of 
the members, and may have slightly increased the 
stresses in the end connectors. Also bond failure 
between the steel and the slab always started at the 
end of the member and progressed inward causing end 
connectors to reach maximum load beiore interior 
connectors. Undoubtedly friction in the vicinity of. 
the load points slightly reduces forces on connectors 
near the load points. 
I 
However, even with the occurrence of testing 
difficulties, the main reason for first failure of an 
end stud arises from the fact that the member did not 
act as would be predicted by the usual assumptions of 
elastic theory. 
The loading used in these tests (see Fig. 6) 
resulted in uniform shear between the end of the beam and 
the load point. Shear connectors were placed only in 
this region. Conventional elastic design would assume ,,,..--
that in this case each stud would be subjected to the 
same load. However, this was not found to be the case. 
During testing of member BF-6, SR-4 strain gages 
were ua~~~ to check on the variation of load per stud along 
\\ 
,r 
the length of the member. This was accomplished by 
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choosing two sets of connectors at points along the 
beam which could be isolated by placing str~in gages 
at cross sections on each side of a·pair of connectors. 
I', 
The locations of the SR-4 gages used to "bracket" a pair 
r of connectors are shown in Fig. 5. Connectors located 
at the end of the beam or near the load points could 
not ·be used because of the complicated stress picture in 
these areas. Therefore, for practical reasons, the two 
sets of connectors chosen were located 24 inches and 64 
inches from the end of the member. The force trans-
mitted by a pair of these connectors was determined by 
calculation of the compressive force in the concrete 
slab on each side of the pair of connectors. The strain 
gage readings were used to calculate the compressive 
force in the slab at each point requ·ired, including 
midspan of the member. The force on a pair of studs 
was determined as the difference between the magnitude 
of the compressive force on each side of the connectors. 
The force per connector which conventional 
elastic design would assume on each shear connector was 
\taken as the compressive force in the slab at midspan 
divided by the number of connectors in half the length 
of the member. A comparison of the results of this 
investigation of BF-6 is given in Table 4. The actual 
stresses on connectors at various number of cycles of 
-33 1' 
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load are given in the second colunm. of Table 4 for 
connectors located 24 inches from the end of the beam. 
T~ same information for connectors located 64 inches 
from the end is given in the third colunm. The stress, 
assuming that each connector is equally stressed, is 
given in the fourth column of Table 4. In evaluating 
the information contained in Table 4, it must be 
realized that the bond of BF-6 was only partially 
broken at 9,000 cycles and that the first crack in the 
end stud occurred at 49,000 cycles. The stud had 
.completely failed at 370,000 cycles. The stress, 
' assuming each connector is equally stressed, remained 
constant until the first stud cracked. 
From the comparison of the actual versus 
theoretical stud stress, it must be realized that al-
though the result using conventional elastic design 
assumptions may be satisfactory from a design point of 
) view, it is as much as 25% in error for the prediction 
of tha actual stress on studs near the end of a member • . ti 
It s~em.s worthwhile to consider that this 25% error 
exists with the most elementary loading condition, and 
that the magnitude of error should also be checked for 
unsymmetrical loading. 
The important fact concerning the results 
.. presented in Table 4 is that the difference between the 
,. 
... 
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stress on connectors near the end and near the center 
is not due to friction or bond. Since the results 
are obtained from strain measurements on the cross 
section, any shear transfer due to friction or bond 
would merely be included in the apparent force per 
connector. Hence the apparent force per stud is· 
higher near the end of the beam. It appears that an 
overall study of the problem of connector spacing 
should be mad'e. 
3.3.1.2 Rate of Loss of Interaction 
Another important observation made on the 
performance of composite beams is the rate at which 
loss of interaction between concrete ~ab and steel 
beam occurs. The first decrease in interaction is 
that which takes place as a result of bond failure. 
As cycling continues, slip at the ends of the beam 
t,ends to increase. This increase of slip does not 
ne6~ss·a~ily result in further loss of interaction. 
It has been found that after bond failure, 
a composite beam loses effectiveness at the same 
rate as the rate of decrease of the total stud area. 
The measure of the effectiveness of the composite 
beam in this case is the total compressive force in 
the concrete slab at midspan. If this total force 
after some number of cycles is only 90% of its value 
J. 
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at O cycles (at ,0 cycles there is almost complete 
interaction or 100% effectiveness), then the 
composite beam is only 90% effective as a composite 
.- ....... 
beam. The measure of the loss of stud area in this 
case is taken to be the total original cross-
sectional area of the studs minus the cracked stud 
area. 
It was possible to determine from strain 
readings, .. in a manner which will be explained later, 
the amount of stud area that was cracked. It was 
found that when 10% of the total stud cross-sectional 
area was gone leaving 90% of the total stud area, the 
composite beam was also only 90% effective. That 
this is true can be shown in the following manner. 
For a given composite beam (Specimen BF-6 in this case) 
the total force in the slab at the midspan was cal-
culated from strain readings after the member had been 
cycled for different lengths of time. At the same 
number of cycles that this force was calculated, the 
effective stud area (total stud area minus cracked area) 
was also calculated. If the effectiveness of the slab 
and the studs decreases at the same rate, then the total 
force in the slab divided by the effective stud area 
should remain constant regardless of the number of cycles. 
The result of such a calculation is shown in Table 5. 
·..,.,--Ii 
. ' 
\ 
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The compressive force in the slab at midspan is given 
in the second col111nn for various numbers of cycles 
of load. In the third column the effective area of 
studs as determined by strain gage readings is given 
in terms of the number of studs for corresponding 
cycles of loading. In the last col1nnn., the average 
stress on the studs is given. The amazing fact is 
that this stress is nearly constant throughout the test • 
The differences which do occur are of smaller magnitude 
than the probable error in determining the results. 
Loss of interaction as determined by measure-
ment of the compressive force in the concrete slab at 
midspan, then, was found to be directly proportional 
to the loss of effective area of shear connectors. '· 
;: 1" 
3.3.1.3 Deflection and Slip as a Measure of Interaction 
As has been pointed out the measure of inter-
:Ja.ction in this test series was taken as the compressive 
)· force in the concrete slab at midspan. This is a more 
accurate measure of interaction than either deflection 
or slip for several reasons. 
Interaction is a measure of the ability of a 
member to retain its capacity for resisting lo,d. The 
loss of connectors and the corresponding decrease in 
compressive force has a large effect on interaction 
since as a result of this occurrence the load-carrying 
capacity of theimember is reduced. 
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Deflection and slip will occur as a result 
of stud failure. However, in the early stages of 
I 
stud cracking this deflection and slip is very small. 
In fact, deflection or slip due to other causes such 
as deformation of the concrete around connectors due 
to the high concrete stress in this region, bond 
failure, and polishing of the surface between the beam 
and the slab may ho. much larger. But each of these 
I 
things, with the exception of the loss of connectors, 
has little effect on the load-carrying capacity of the 
member. Some increase in fiber stress in the steel 
beam may occur, but this is extremely small. 
Once several connectors have failed, then the 
primary cause of slip and deflection is connector failure. 
When this point has been reached, slip and deflection 
are a good measure of interaction. 
However, the point of primary concern is the 
oe-arly stages of connector fai 1 ure and it is here that 
·the compressive force in the slab at midspan is the only· 
.s:a_tisfactory measure of interaction. 
Measurements of slip and deflection in laboratory 
fatig~~ testing, therefore, can be misleading unless 
proper quantitative measurements of shear connector loads 
are also undertaken. 
'I· r 
)• 
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3.3.1.4 Gradual Stud Failure 
The importance of observations concerning loss 
of interaction as studs near the end fail is that the 
total compressive force does not remain constant while 
being resisted by fewer studs. This force reduces at 
a rate proportional to the loss of stud area. Thus 
the progressive failure of studs in a beam is quite 
gradual. This would not be the case if the total 
# 
compressive force or degree of interaction did not 
decrease as studs fail. 
The stress in sound connector~ after failure 
of others took place, was of interest. The data of 
Table 4 shows that, as connectors near the end of the 
member began to fail, stress on the interior connectors 
increased. This substantiates that the failure is pro-
gressive in nature. Observations indicate that if one 
A pair of connectors fail, all of them will eventually 
fail. 
A plot of the force in the slab at the midspan 
illustrating the loss of effectiveness of the composite 
beam as fatigue progresses is shown in Fig. 7. It should 
be noted that, at 1,400,000 cycles for Specimen BF-7 
~ (see Fig. 7) with three studs at one end of the beam 
completely failed, the composite beam was still 85% 
. '. 
·' l 
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effective. That is, the force in the slab at midspan 
was still 85% of its initial value. 
3.3.1.5 Bottom Flange Stress 
Although the bottom flange steel stress was 
not of primary concern in these tests, it seems ad-
visable to report the information gained about fatigue 
behavior of the steel and concrete. Stresses in con-
crete were sufficiently low so that these stresses 
presented no important data regarding fatigue failure. 
However, steel stresses were of sufficient magnitude 
to be of interest. The average bottom flange steel 
stress and the number of cycles of loading at this 
stress are reported in Table 6. No fatigue failures 
of the steel beam occurred in any of the test beams 
even though stresses as high as 27,000 psi occurred. 
3.3.2 Failure of Individual Shear Connectors 
... 
It was possible with the instrumentation provided to make 
certairt observations concerning the failure of individual studs. Note 
has been made of the fact that it was possible to determine when a 
stud first cracked, to what extent it was cracked, and when a stud 
v-
completely failed. The instrumentation used to achieve this will be 
describe_d in the following paragraphs. The interpretation of the 
data obtained is explained in Section 3.3.2.1 . 
• 
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3.3.2.l Instrumentation Used to Determine Strain Versus 
Cycles Curves For Individual Connectors 
A strain gage was placed under the top flange of 
r,:1 
the steel section parallel to the axis of the beam and 
under any connector which was being considered. Typical 
locations for such gages can be seen in Fig. 5. When the 
. beam was loaded, and hence load applied to the studs, the 
top flange of the steel section was deformed sufficiently 
to generate strain readings in these gages. Usually the 
gages were placed on the side of the connector nearest 
the end of the beam. When this was done, tensile strains 
were recorded by the gages. On several beams these gages 
were placed at different distances from the center of the 
connector and it was found that,· for the given size speci-
mens and the range of stresses on the studs involved 
(19 ksi to 23 ksi shearing stress on the studs), the maxi-
,, 
mum strain reading occurred at 5/16 • 1n. from the center 
of a stud. Directl~ under the stud and at a distance of 
3/4 in. from the center of the stud, the strain had de-
creased to zero or a value corresponding to the compressive 
strain due to bending in the top flange, depending on the 
location of the stud being investigated. These strain 
readings indicate that the flange was distorted in the 
manner shown in Fig. 8 •• During an actual test, these 
strain readings were taken every time a "static" test was 
., 
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I run. As the test proceeded, these strain readings were 
plotted as ordinates with number of cycles plotted as 
the abscissa. Some typical curves for the pair of end 
studs on both ends of Specimen BF-7 are shown in Figs. 
9 and 10. These curves were similar for the other 
beams and were similar regardless of the position of 
the stud in the beam. 
The reason that curves for the end connectors 
were chosen for the purpose of illustration is that 
the strain in the top flange will be due solely to the 
flange distortion when the end studs are carrying load. 
For studs towards the center, when the studs are 
carrying load, the strain in the top flange will be 
equal to the strain corresponding to the compressive 
stress in the top flange due to moment at that point 
' plus the strain due to the flange distort.ion. In the 
latter case it is necessary to subtract the compressive 
strain due to moment from the strain readings. 
3.3.2.2 Interpretation of Strain Versus Cycles Curves 
' Qualitatively these strain versus cycles curves 
are not difficult to interpret. The first statement 
which can be made is that the curve begins to decrease 
when a fatigue crack is initiated. The second statement 
which can be made is that when the curve·drops to zero~ 
the connector has completely failed. From inspection of 
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beams after testing, it has also been possible to estimate 
that the strain reading at any time after a connector has 
started to fail divided by the maximum strain is 
the proport~on of the connector area remaining. 
roughly 
Thus it 
became possible to estimate at any time the effective 
area of studs remaining after initial connector failure. 
One occurrence particularly proved the validity 
of these observations. The strain readings under the 
end studs of Specimen BF-3 indicated that one connector 
had completely failed while the stud next to it was still 
.. 
100% effectiveo The concrete was broken away from these 
studs and the result can be seen in Fig. 11. One stud was 
completely fatigued while it was possible to bend the 
other stud completely over with a hamner without cracking 
the stud. These photographs (see Fig. 11) show that the 
strain readings accurately predicted the true condition 
of the studs. This example should be sufficient proof of 
the validity of this procedure. 
One important point must be made about these 
strain readings under connectors. Some strain readings 
as high as 700 micro-inches per inch were recorded. This 
corresponds to a stress of 21,000 psi. When connectors 
are placed in the negative moment region of a continuous 
composite beam it may be possible for this local stress due 
to flange distortion plus the stress due to bending to 
.,. 
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exceed the yield strength of the material. Thi.s 
situation is confined to a small zone, but may result 
in the initiation of a fatigue crack at this point. 
Considering again the curves of Figs. 9 and 
10, the portion of the curves up to maximum requires 
explanation. The increase in strain reading between 
initial loading and the max,imum strain is as much as 
200% in some members. In members having concrete 
older than 28 days, this increase was less. Since the 
measurements are only of a qualitative nature, there is 
no sure way of interpreting the results. One possible 
cause is a change in the mode of connector behavior. 
That is, the load on a connector may change from one 
of shear to one of bending as the concrete around the 
base of connector is crushed. This would in turn 
increase the strain readings which are due to a bending 
deformation of the top flange. 
3.3.2.3 Fatigue Failure in the Heat-Affected Zone of 
the Base Metal 
• 
All fatigue failures of connectors were typical 
in that they occurred in the heat-affected zone of the 
base metal. This type of failure was also observed in 
previous tests (see A·ppendix B)·. Typical failures are 
shown ,.in Fig. 12. In the failures shown in the top 
photograph the fatigue crack had proceeded approximately 
'\. 
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three-fourths of the distance across the stud, going 
from left to right. 
3.3.3 The S-N Curve for 1/2 inch Diameter Stud Connectors 
The plotting of an S-N Curve using the data obtained from 
these and other tests can be done in several different way~. First, 
it was decided that fatigue failure of a connector, rather than slip 
or deflection would be'used to determine the value of N. A typical 
curve of slip versus number of cycles is given in Fig. 13. A similar 
curve for deflection is given in Fig. 14. It will be noticed that 
there is a rather definite point at which slip and deflection begin 
to increase rapidly. This point was used (by previous investigators) 
in the case of channel connectors as the governing criteria~ 
Fatigue failure was preferred as the governing criteria in this 
investigation because it is more conservative and more realistic. 
It was necessary to reach a decision on whether the number 
...... 
of cycles should be based upon first cracking of a connector, first 
complete failure of a connector, or another basis. After careful 
study of the data from all tests it was decided that the number of 
cycles should be based upon the average number of cycles for cracking 
of the first pair of connectors. This basis seems quite arbi tr.ary, 
but it seemed to provide the best basis for the following reasons: 
1. There was often a large number of cycles 
between first cracking and total failure 
of a connector. 
j 
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2. There was often a large number of cycles 
between cracking of one connector and 
the cracking of the other connector oj 
the same pair. 
3. The cracking of the first two connectors 
occurred before any other criteria such as 
rapid increase in slip or rapid loss of 
interaction, but nevertheless indicated 
that the member would, in time, fail 
completely. The average point of the stud 
cracking for BF-6 is labeled in Figs. 13 
and 14. It should be noted that this point 
is well below the point of rapid increase 
in slip and deflection for BF-6. 
-
.,. 
The value of stress plotted on the S-N Curve was taken as 
·the average connector stress at the time that the test was stopped. 
This was determined from the compressive force in the sla.b at midspan 
divided by the shear connector area remaining. This value is nearly 
the same as that obtained by design formula. The difference between 
the theoretical and the measured average connector stresses was 3% 
to 5% for most of the members with a maximum of 10% difference. 
The basis of plotting previous data point~ from beam tests 
was the same as far as stress per connector was concerned. The value 
of N to be plotted had been determined by visual inspection of the 
•, 
-46 
·,. 
'~ 
--~ \······"·''"'"''' ·'· 
\ 
member and was a larger value than would have been determined by the 
procedure used in this investigation. 
Some IDfiY feel that the method used for plotting the S-N 
Curve is overly conservative because of beneficial factors such as 
understressing and rest periods which would occur in a fatigue 
situation. However, the conservative approach used here is felt to 
be justified in that there are still many factors about which little 
is known. For example, the effect of creep of the concrete and the 
effect of concrete strength on the fatigue life of stud connectors 
are unknown. 
The stud fatigue capacity of BF-1 to BF-8 is presented in 
Table 7. These values are plotted on the S-N Curve of Fig. 15. The 
S-N Curve of Fig. 15 was obtained by considering all available data 
on the subject of fatigue of stud connectors which can be considered 
valid on the basis of present knowledge. This curve indicates that, 
at 2,000,000 cycles of loading, ·the mean failure stress is appr9xi-
mately 20 ksi. For 1/2 inch connectors, this is about 3.92 kips 
per connector. The AAS HO useful capacity value for ,1 / 2 inch studs 
in 3000 psi concrete is 4.51 kips per connector. 
The data points obtained from the recent beam tests and 
earlier pushout tests are approximately equal. It appears from these 
results that the S-N Curve obtained from pushout tests can safely 
be used as a design curve. 
.. 
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3.4 CONCLUSIONS 
The information obtained from tests of composite beams 
containing 1/2 inch diameter stud connectors leads to the following 
conclusions on the effect of fatigue failure _of connectors and on 
the performance of a composite member: 
• 
1. The occurrence of fatigue cracks in shear 
connectors can be found by using electrical 
resistance strain gages mounted opposite 
connectors under the top flange. 
2. Measurements indicate that end connectors 
are stressed approximately 25% higher than 
the average connector stress when connectors 
are designed elastically. 
3. Fatigue failure of £Onnectors is progressive 
in nature, and failure begins at connectors 
near the ends of the member. 
4. The rate at which the effectiveness of 
interaction between slab an.d beam decreases 
is proportional to the rate at which total 
stud area decreases due to stud failure . 
5. The average shear connector stress does not 
change as the failure of connectors progresses. 
6. Fatigue failure of studs normally occurs in 
the base metal of the beam to which they are 
attached. 
·-
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7. The stress at which welded stud ·connectors 
fail in fatigue is about 15% lower than the 
listed useful capacity of shear connectors 
given in the AASHO Specifications. 
8. A composite member can be considered effective 
long after initial cracking of studs, but 
complete failure will eventually occur if a 
pair of connectors becomes cracked. 
._.,, .. ,,.·i,·_, .• 
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. ·-· 
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.... 
Midspan 
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X 
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.x. 
X 
X 
X 
'.~ 
Number of 
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12 
12 
12 
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12 
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Specimen 
BF-1 
BF-2 
BF-3 
BF-4 
BF-5 
BF-6 
BF-7 
BF-8 
--~-
TABLE 3. TESTING PROCEDURE FOR EACH SPECIMEN 
Applied Load 
(kips/jack) 
Min. Max. 
1.2 
1.2 
1.2 
1. 4 
1.2 
1.2 
1.2 
1.2 
14.2 
14.2 
12.4 
12.4 
14.5 
13.5 
13.0 
12.5 
Static Test 
Intervals 
(cycles) 
50,000 
50 ,ooo 
100,000 
100,000 
50,000 
50 ,000 
50,000 
50,000 
Cycles to Test 
Completion* 
880,000 
680,000 
1,556,000 
3,315,000** 
354,000 
1,009,000 
1,344,000 
3,522,000 
*Test completion means the number of cycles 
applied during a given test. It bears no 
relation to the number of cycles to stud 
failure. 
**No stud failed prior to the completion of 
this test. 
·• 
:~ 
TABLE 4. STUD STRESS AT TWO SELECT POINTS OF BF-6 
.. 
Cycles 
9,000 
49,000 
415,000 
667,000 
96 7,000 
..... 
Stud Stress (ksi) 
24 in. from Beam End 
21,400 
( 23,100 
21,500 
' 
19 ,2:00 
9,800 
,.· 
\ 
Stud Stress (ksi) 
64 in. from Beam End 
15,300 
16, 700 
19 ,300 
22,800 
,·. 
21,600 
Average Stud Stress 
force in slab at 
-
-
area of 20 studs 
17,900 
18,500 
18,000 
.. ,., 
..., 
16,900 
. 14,800 
(ksi) 
ct 
,-
. I 
1 
1" I 
Ill 
II 
Ii 
'II 
ri 
II 
' . 
.'tt" 
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TABLE 5. AVERAGE STUD SHEARING STRESS FOR BF-6 
Total Force in 
Slab at ct (kips) 
Effective Average Shearing Cycles Number of Studs Stress (psi) 
49,000 72.5 20 .00 18,500 156,000 59. 7 19. 90 17,900 266,000 68.9 19.80 17,800 370,000 66. 7 19. 30 17,600 470,000 68.1 . .. 19 .00 18,300 564,000 * 65.1 18. 30 18,200 
• 
*Only the first 564,000 cycles are given because of lack of instrumentation to go further. 
TABLE 6. BOTTOM FLANGE STEEL STRESS 
·-=·- ., 
Average Bottom Number of Cycles Specimen Flange Stress (psi) at This Stress 
BF-1 24,000 880,000 I BF-2 22,800 680,000 
BF-3 19,500 1,556,000 
BF-4 19,500 3,315,000 
BF-5 27,000 354,000 
BF-6 22,800 1,009,000 
BF-7 19,500 1,344,000 JI 
BF-8 19,800 3 ,.522 ,ooo 
' 
) 
\. 
( , 
-· . 
.t. 
TABLE 7. 
,·.1i,.~ • 
Specimen 
·-· 
BF-1 
BF-2 
BF-3 
BF-4 
BF-5 
BF-6 
BF-7 
BF-8 
.·.ii. ' •. ~ .... 
., 
FATIGUE CAPACilY BF-1 to BF-8 
Average Stud Stress 
(psi) . 
21,300 
21,000 
19,200 
l 
19,500 
21,700 
17,800 
16,600 
19,100 
... 
i. 
Number of Cycles 
to Failure 
500,000 
500,000 
900,000 
3,315,000 
140,000 
15 7,000 
200,000 
1,600,000 
I 
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APPENDIX A 
DESIGN EXAMPLES 
.. . 
~-
' J· 
.• 
.· 
#. 
~ 
• 
• 
.. 
·"· 
\ 
.•. 
) 
.. 
.J 
Given: 
EXAMPLE 1 - ILLUSTRATING REDISTRIBUTION OF LOAD 
* 20 ft. span, uniform load= 3 kips per ft. 
Que= 10 kips/connector for static loads 
m . -1 F.S.= 4.0, - = 0.0194 inch 
I 
Find: Shear connections required and spacing 
', 3 k/f t. 
:.} I I . . . ' ' I I 
,\ () 
,,,, ,, , ,,, ,,, 
-
20' 0 '' -
-
0 
V 
• 150 k-ft • 
,_ 
112.5 k-ft. 112.5 k-ft. 
M '-----------------------... 
Que Q = F.S. = lO.O = 2.5 k/connector 4.0 
Total Connectors Required= 
(1 /2 beam) 
_ 150(12)0.0194 
- 2.5 
Total Connectors Required= 14 
(1/2 beam) 
These connectors shall be spaced in pairs. 
*The values used in this problem are chosen 
only for the purpose of illustration. 
.,' 
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EXAMPLE 1 (continued) 
Spacing the required connectors according to the~shear 
(.6. M) diagram. 
Spacing a. 
9" 9 fl 10' 10" 12 '' 1.! 7"4 '-9" 
- - - -
I 
i 
Spacing the connectors -Mniformly 
Spacing b. 
1 '-5 '' 
~= !"" .•• 
} 
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EXAMPLE 2 - ILLUSTRATING AASHO DESIGN 
• 
Given: 50 1 span, AASHO H20-44* loading 
i = 0.016 inch-1 , 1/2 inch diameter stud connectors 
** F.S. = 3.3 
• kFind: Shear connectors required and spacing 42.p 
3 7. gk :--,..... "><": uniform load 
" 
V 
" 
" 
"' 
,. truck load k 
21.8 " 
" 
" . ............. 
12.9 "-- " 
~. " 
Maximum Shear Envelope 
8.9k "'-. "-.. 
• 
truck load, 
297 k-ft •. 
· 297 k-ft. 
·272 k-ft. 272 k-ft: 
? 
~ uniform load 
Maximum Moment Envelope M"'--------------1---------------___. . 23. 6 I 
*The H20-44 loading was chosen for illustrative purposes, but the H20-S16-44 loading would 
actually govern. 
**For a complete discussion of the F.S. see Section 2.4. 
31 .ak 
42.ok 
. ,, 
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EXAMPLE 2 (continued) 
Que = 80 Hd J"£~ = 4.4 kips/connector 
Q = 4 • 4 = 1.33 3.3 kips/connector 
@ 0' V = 42.0 kips 
@ 10' = 30 .o kips C V 
@ 20' V = 21.8 kips 
Connectors shall be placed with 3/row. 
#.~A• 
Spacing 1 g - 1.33~3) = 6.0" = Vm/I 42 • 0 ( 0 • 016) 
Spacing 2 -
" -
1.33(3) 
= 8.0" - 30 . 0 ( 0 • 016) 
Spacing 3 -
" -
1. 33(3) 
- 11.0" 21.8(0.019) 
Final spacing: 
20 @ 6" 15 @ 8" 
ti 
" " '' " " 
, 10 "-0" 10 "-0" 
... 
',· 
·' 
\ 
if 
,} 
5@ 11" 
'' 
tf 
5 '-o" 
Total studs required = [ 21 (3) + 15 (3) + 5 (3) J 2 = 246 
= 246 studs 
.... 
./ 
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""' \ EXAMPLE 3~ ILLUSTRAllNG DESIGN FROM MAXIMUM l-l)MENT ENVELOPE 
·· Given: 
J 
Find: 
M 
\ 
\ 
Same as Example 2. 
• 
,, 
444 k-f t. 
-----/-.. , 446 k-ft. 
/ ' 
/ ' 
/ ', 297 k-ft. • / , .297 k-ft • 
_// f 245k~~-, 
/ ' / ' / ' / ' / ' / 14' ' V 
' 
111111111111111 I I I I I I I I 1. •I 65 connectors required 
·use 3 connectors per row. 
Rows of connectors required 
(1/2 beam) 
= 
' 
l:~ Mn 
3 Q I 
·-· "' 
446(12)0.016 
= 3(1.33) 
= 21. 5 
(Use 21 rows+ 2 connectors= 65 connectors) · 
Total connectors required= 65(2) 
= 130 connectors 
. 
• 
I ' 
' . 
• 
.... 
. .,. 
··-·t . 
:,_ --
): 
. ?"'· 
i" •. ; , ;i 
.I 
. , ~a_.., 
.,~-
_.,.,_. < 
··~-· 
. EXAMPLE 4 - ILLUSTRATING DESIGN FROM MAXIMUM SHEAR ENVELOPE 
f 
> Given: .Same given as for Example 2 
~. ·- J _ -- -·----- - -
,r' 
except F.S. = 1.25 and Que= 4.0 ~------kips per connector 
'i 
V 
• 
3 connectors/row 
Q = ~~~- = 1~2~ = 3,2 kips/connector 
Spa ; - 3Q . = c .... ng ~ V m/I 3(3.2) = 14.3" use 14. 0" 
-..... 
42(0.016) 
This uniform spacing is to be used throughout. 
Total connectors required = [ 3(SO) 12 1J + 3·, = 142 14 
= 142 connectors 
\ 
• • 
. .. 
~--· 
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TABLE A-1 EQUATIQNS FOR THE MAXIMUM AND MINIMUM SHEAR 
AT ANY POINT IN A SPAN DUE TO ANY AASHO "H" LOADING 
0<L<l4 
14 '<L<ao 
O<L<OO 
\, 
' 
Maximum 
absolute 
shear 
(+) 
(~ 
(+) 
(-) 4(/J (x/L) 
(+) 
1 (-) 
X 
Region A 
14' J 
• 
- 1 -
. 
4~(1-x) /L 
4(/) (x/L) 
0/L{5L-5x-14) 40 (L-x) /L 
0/L(Sx-14) 
(0/L)(L-x)(3.25+o.04(L-x)) 
(0/L)(x)(3.25+0.04x) 
,. 
Region B 
variable 
- I 
Region C 
14' 
I - -
-
,....._ --------- L ----------:11--1 
Q = load on f.ront axle 
.) shear 
) . 
Absolute 
X 
0 4fj 
L 4(/j 
0 50-(140/L) 
L S(j-( 14~ /L) 
0 ~ (3 0 25+o. 041) 
- - -
L 0 (3. 25+0'. 041) 
I 
\ 
r 
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•,-f 
O<L<:14' 
14<L<28 7 
28<:L<: 00 
O<L<oo 
(+) 
(-) 
(+) 
(-) 
(+) 
(-) 
--
(+) 
.. 
(-) 
:Maximum 
absolute 
shear 
40 (x/L) 
4fJ (x/L) 
TABLE A-2 EQUATIONS FOR THE MAXIMUM AND MINIMUM SHEAR 
/ 
" 
AT ANY POINT IN A SPAN DUE 'IO ANY AAS HO uH-S" LOADING 
·-·· -·· .. 
•.• .... 
. -. . 
. 
.. •, 
40(1-x) /L 
-
40(x/L) 
(40/L)(2L-2x-14) 4(/J (L-x) /L 
, 
(40/L) (2x-14) 
((J/L) (9L-9x-84) ( 4(/J / L) ( 2 L= 2x -14 ~ 40 (L-x) /L 
(40/L) (Zx·-14) ((b/L) (9x=84) 
~ 
-
' 
. (0/L)(L-x)(3o25-0e04(L=x)) 
_ .. wwww 
(0/L)(x){3.25 + 0.04x) 
tt----------------x 
L 
~=weight on front axle 
Absolute 
maximum 
. ' in span 
x value 
0 40 
L 4'J 
0 40(2-.!it) L 
L 4(/;(2-Y~) 
0 ~(9-84) L 
-
L v1 (9-§ii) 
L 
·• 
.. 
_O QJ (3 o 25+o. 04IJ) 
-
L Ct1(30 25+6 G 04L) 
, 
-
--~-
( 
I 
......, 
00 
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PRELIMINARY BEAM TESTS 
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APPENDIX B 
).' 
... 
• The contents of Appendix B consist of a of the pre-
.J 
liminary beam tests which were run prior to the present test series. 
The important results are presented along with a full record of all 
significant data. 
i.• 
B. 1 PRELIMlNARY BEAM TES TS 
-. Before beginning.a full scale series of fatigue investigations, 
. ~ 
,.:.~ it was decided that some preliminary tests should~e run. These pre-
liminary tests had several purposes. First, it was necessary to study 
the performance under fatigue loading of a member which did not have 
sufficient shear connectors for complete interaction. Second, it was 
r • 
necessary to produce fatigue failure of connectors in a beam and de-
termine if the fatigue strength of connectors obtained from pushout 
tests could be used as a basis for design. Lastly, it was felt ,·that 
, 
a more comprehensive instrumentation and testing procedure could be 
developed for future tests. 
. 
B.1.1 ·Description of Specimens 
The beams for the preliminary tests consisted of a 2 ft.-0 in. 
by 3 in. concrete slab connected to an 8 W 17 steel beam as shown in 
Fig. B-1. The shear connection consisted of 1/2 inch diameter "L" 
• I 
.. , 
-80 
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,, 
I 
.\ 
,,., 
', . .;, 
shaped welded stud connectors. The spacing of this connection is also 
• given in Fig. B-1. 
The testing of the specimens took place during a period of 
from 28 to 79 days after pouring. The average concrete strength for 
BF-A and BF-B was 3,030 psi while that for BF-C and BF-D was 3,500 psi. 
The section p~operties and material strengths are given in Fig. B-2. 
B.1.2 InstrUI~entation 
The instrumentation consisted of strain gages at the midspan 
under the top and bottom flanges of the steel section, a midspan de-
flection gage, and slip measuring devices at both ends and near the 
/ 
quarter points. The location of the strain gages is as shown in 
,, Fig. B-3. The location of the deflection gage and four slip gages are 
shown in Fig. B-4·. The slip gages consisted of 0.001 in. dial gages 
for the dynamic readings and 0.0001 in. dial gages for the static 
readings. 
B. 2 TEST PROCEDURE 
·•. ' 
~e specimens were placed on the loading frame and testing was 
··; 
. · -81 
:_l .... -~·.,.·.,_ . __ ...... 
.. 
begun after the specimens had been wet-cured for two weeks and air-cured 
-
for a minimum of two weeks. Each specimen was initially loaded to a 
static value sufficient to break bond between beam and s.lab. The 
testing arrangement is shown in Fig. B-5. 
,.· ,' ''10 . . 
j 
... 
}· 
• 
#.··. '.,_ .. . ., 
, . 
). 
While being loaded statically, all sR·-4, deflection, and slip 
readings were taken at intervals 0£, 1.5 kips per jack. After this in.,r 
itial static test each specimen was loaded at 250 cycles per minute. 
Static tests were taken every 100,000 cycles until failure occurred •. 
Periodically dynamic end slip and deflection readings were taken. At 
the end of each cycling period and when failure occurred, a static 
test was run similar to the original one and to a load at least equal 
--· 
to the maximum which was applied during cycling. Not all specimens 
were run at the same load, but the load was never changed in the middle 
·-"-of a test. ·-- ·-· .. 
..~· 
B.3 RESULTS 
All of the specimens failed by fatigue of the end shear con-
nectors and all failed in the same manner. For that reason they shall 
be discussed as a group. All members except BF-D exhibited a trans-
verse crack through the concrete slab. in the shear span near the load 
points at the time of failure. 
0 
The first indication of failure was an audible banging of the 
slab upon the steel section. The actual point of failure was chosen 
as the point at which there was a rapid increase in the average and 
,,-,, 
slip. However, removal of the slab indicated ~t at this point 
several connectors had already completely failed. The ref ore, it was 
impossible to determine exactly when the first connector failed. In 
~- future tests a better means of determining connector failure will be 
required. The number of cycles at which the banging commenced 
-82 
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corresponds to the point at which there was a rapid increase in the 
average end slipo 
• 
After this apparent failure of a connector or connectors, 
cycling was continued, but no further failures were apparent •. In-no 
case was the failure of a sudden type, and in all cases cycling was 
continued beyond this first failure. Connector failure did not result 
in total failure of the composite structural member, but merely in an 
increase.in the deflection and steel section stresses. ' 
Concrete creep plus partial action of the interior connectors 
(those connectors between the load points) was the cause of this in-, 
' 
ability to fail additional connectors. Connectors between load points 
actually carried part of the load attributed to the. connectors in the 
shear span after initial connector failure. The tensile strength of 
the concrete slab transmitted the load carried by the interior con-
nectors until the concrete tensile strength was exceeded. The trans-
verse crack in the concrete slab, mentioned previously, formed when 
the tensile strength of the concrete was exceeded. 
The resuJ,A:s of this seties of tests have been tabulated along 
with the results of other pertinent tests and are presented in Table 1. 
~ 
The failure stresses were determined from strain readings immediately 
prior to failure. 
Once the tests were completed it was possible to draw an S-N 
Curve using the failure stresses determined from the test. The re-
sulting curve for beams was slightly above the lower bound curve · 
-83 
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established from pushout specimens. This would indicate that S-N 
.J 
~ ~ 
Curves established from the fatigue of stud shear connectors in pushout 
specimens serve as a good lower bound to the actual connector fatigue 
strength in composite members. (The points obtained from these pre-
limi nary tests are plotted in Fig. 15 of the main report) • 
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Fig. B-1 DIMENSIONS OF TEST SP·ECIMENS 
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SECTION PROPERTIES 
1. Concrete Slab 
de= 3 in. 
· f~ = 3500_ psi 
2. Steel Beam (8 W 17) 
As= 5.00 in.2 
ds - 8.00 in. 
ls =.56.4 in. 4 
fy - 33.0 ksi* 
3. Studs (L-connector) 
diameter= 1/2 in. 
height = 2.25 in. 
area = 0.196 in •. 2 
4. Composite Section 
a 8 t = 7.48 in. 
I = 156.0 in.4 
*Specified minimum of ASTM A-7'1steel 
~ 
':', 
.. 
J. 
(' 
. . .I 
Fig. B-2 SECTION PROPERTIES AND MATERIAL STRENGTHS 
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Fig. B-5 TEST SETUP 
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Specimen 
No. 
4 
5 
. 6 
:t 
B-4 
B-4 
BF-A 
BF-B 
BF-C 
BF-D 
Refer-
ence 
5 
5 
,5. 
5 
7 
7·. 
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TABLE B-1 
Stud 
Type 
L-Connec toJ? · 
" • 
'' 
'' 
: '' 
ff 
ll 
~ 
ti 
.. , 
:J."l 
• 
-
~ 
FATIGUE TEST RESULTS ~PRELIMINARY BEAM AND :PUSHOUT TESTSl 
Load Range 
· Pmax (kips) 
21·.0 
24.0 
13.50 
11.30 
11.65'' 
7.00 
' 
Pmin {kips) 
1.5. 
1.5 
1.35 
1.13 
1.16 
· 0. 70 
:Maximum 
Stress* 
(psi) 
22,300 
17 ,800 
17 ,800 
15,600 
-
21,000 
24,100 
23,900 
32,600 
27,700 
) 
20,100 
·-:--
Minimum 
Stress* 
(psi) 
2900 
2200 
2200 
1900 
1500 · 
1500 
5730 
4900 
3600 
2160 
.. 
.. 
,( 
-
Cy<rles to 
Failure 
l 
l 
223,200 
134,200 
261,000 
1,748,000 
619,900 
122,400 
50,300 
55,400 
78 ,"ooo 
820,000 
Specimen 
Type 
pushout 
pushout 
pushout 
pushout 
beam· 
beam 
beam 
beam 
beam 
beam 
., 
;,· 
... 
Result 
• 
stud fracture 
,, 
" 
'' '' 
'' '' 
no stud ftracture 
' ,, 
no stud fracture 
stud fracture "' 
" 
,, 
,, 
" ....... 
,, 
" 
"•!!> 
*Load divided by cross-sectional area·of all studs 
-~ 
~ 
.. 
:;, 
' 
' 
., 
~ S;,· r 
-~ 
11 
,. 
• 
m · .. aJl '- ~-'"rri ii. -;-~ -2L J ' ,, · "~ .. j • .n .J. i, 11 -ii.I, .~. ' - . ;,· '.~ II F=u - - j,.·~ r1·~ - Jc_"" 'ilrr"F'Fi' _ a ... ~ -- .,_ __ 
,.-. 
,.:,--..._ 
I . 
\0 
0 
~-
., 
. • 
.. 
.. 
,· 
·- .l •,t•: 
\ 
o· 
'' I'; 
.· .. 
.. ,.. 
... -'\'· . 
.... 
" 
-~ . 
.· ·., 
.f : :1 
-
• 
N O ME N C L A T~-,U R E 
A diameter of the head of a stud connector 
area of the steel \eam 
'\ 
-
,, 
distance from 
the extreme 
the neutral axis of the composite section to 
fiber of the concrete in c~!}ression 
. 
a 8 t distance from the neutral axis of the composite section to 
· the extreme fiber of the steel in tension 
,,· 
) 
. be width of the concrete slab 
C thickness of a stud connector head 
d diameter of the.stem of a stud connector 
de depth of the concrete slab 
ds depth of the steel section / 
E modulus of elasticity 
F.S. factor qf safety 
cylinder strength of con~rete at time of testing 
fy yield stress of· the steel beam 
H 
I 
Is 
L 
M 
.... 
heigh·t of a stud connector after welding 
" momant of inertiq. of the composi_te section, concrete 
transformed to equivalent steel area 
·i(. 
moment of inertia of the steel beam 
length of a beam member 
, 
moment 
\ 
\ 
1.~·. 
m statical moment of the transformed compressive concrete 
,..._ 
area about the neutral axis of a composite section 
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N O M E N C L A T U R E (continued) 
I I 
...... _ 
• 
load per jack 
• 
Q working load capacitJ per connector 
Que the AASHO useful capacity of one shear connector 
s 
Sc 
Ss 
s 
the horizontal shear per linear inch at the junction of the 
slab and beam at a point in the span under consideration 
I/ac 
,,,,_"~~-
I/a~t 
J 
longitudinal ·distance between connectors 
shear 
distance from the left end of a beam to point 
under consideration 
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